Background: Tuberculosis (TB) continues to result in high morbidity and mortality in children from resource-limited settings. Diagnostic challenges, including resource-intense sputum collection methods and insensitive diagnostic tests, contribute to diagnostic delay and poor outcomes in children. We evaluated the diagnostic utility of stool Xpert MTB/RIF (Xpert) compared with bacteriologic confirmation (combination of Xpert and culture of respiratory samples). Methods: In a hospital-based study in Cape Town, South Africa, we enrolled children younger than 13 years of age with suspected pulmonary TB from April 2012 to August 2015. Standard clinical investigations included tuberculin skin test, chest radiograph and HIV testing. Respiratory samples for smear microscopy, Xpert and liquid culture included gastric aspirates, induced sputum, nasopharyngeal aspirates and expectorated sputum. One stool sample per child was collected and tested using Xpert. Results: Of 379 children enrolled (median age, 15.9 months, 13.7% HIV infected), 73 (19.3%) had bacteriologically confirmed TB. The sensitivity and specificity of stool Xpert versus overall bacteriologic confirmation were 31.9% [95% confidence interval (CI): 21.84%-44.50%] and 99.7% (95% CI: 98.2%-100%), respectively. A total of 23/51 (45.1%) children with bacteriologically confirmed TB with severe disease were stool Xpert positive. Cavities on chest radiograph were associated with Xpert stool positivity regardless of age and other relevant factors [odds ratios (OR) 7.05; 95% CI: 2.16-22.98; P = 0.001]. Conclusions: Stool Xpert can rapidly confirm TB in children who present with radiologic findings suggestive of severe TB. In resource-limited settings where children frequently present with advanced disease, Xpert on stool samples could improve access to rapid diagnostic confirmation and appropriate treatment.
D
espite being preventable and treatable, tuberculosis (TB) contributed to at least 169,000 deaths among children in 2015. 1 Tuberculosis-related mortality and morbidity in children are likely underestimated, because of challenges in diagnosing TB in children and incomplete reporting. Tuberculosis frequently presents with nonspecific symptoms, especially in young and HIV-infected children, and is a frequent comorbid condition in children presenting with pneumonia and other respiratory childhood illnesses. 2, 3 Tuberculosis has been reported in up to 23% of children with severe pneumonia in high TB-burden settings, 2 with autopsy studies from African urban hospitals identifying TB in 4%-20% of pediatric deaths, the majority undiagnosed. [3] [4] [5] Although early diagnosis and treatment of TB in children is associated with excellent treatment outcomes, 6, 7 the majority of children with TB live in low-resource settings with poor access to timely TB diagnosis and intervention. 8, 9 Tuberculosis in children is mostly intrathoracic (pulmonary) in >75% of cases, 10, 11 and is mainly paucibacillary (smear-negative). Current bacteriologic tests to confirm TB in children have limited sensitivity and resource-intensive methods are needed to collect adequate samples. Current available tests confirm a minority of children with TB: 5%-10% of children with TB are smear microscopy positive and 10%-40% culture positive depending on disease severity and spectrum, 12, 13 resulting in a perceived unfavorable cost-benefit ratio for bacteriologic testing in most resource-limited settings. The Xpert MTB/RIF © assay (Xpert; Cepheid, Sunnydale, CA), endorsed by the World Health Organization for the diagnosis of TB and rifampicin resistance in adults and children including in resource-limited settings in 2010, 14 yields rapid results, but has <70% sensitivity compared with culture in children. 15 Xpert also requires appropriate samples in young children, such as gastric aspirates (GA), induced sputum (IS), nasopharyngeal aspirates, fine needle aspiration of peripheral lymph nodes or bronchoalveolar lavage, 13, 16 all resource-intense, invasive procedures.
Access to rapid diagnosis for childhood TB requires more than the availability of diagnostic tests. Bacteriologic diagnosis will remain largely confined to referral hospitals or well-resourced settings unless tests can be applied to samples that are easy to collect at the level of the healthcare system where children initially present, typically the primary healthcare level in resource-limited settings. 17 The evaluation of any new diagnostic strategy for childhood TB should therefore consider not only diagnostic accuracy but also the potential application of such strategies at relevant levels of healthcare. [18] [19] [20] Stool collection is potentially a more feasible and acceptable alternative to collecting respiratory samples, and can occur at home. Mycobacterium tuberculosis (M.tb) in swallowed sputum is recoverable from stool samples by culture or molecular methods. [21] [22] [23] Stool does not require sophisticated collection equipment and poses low TB infection risk to healthcare workers. In particular, stool is easy to obtain from young children, a high-risk group for severe TB and where diagnosing TB is the most challenging. In critically ill children, stool collection may be a safer alternative to invasive sputum collection procedures.
In a prospective hospital-based study of children presenting with suspected intrathoracic TB in Cape Town, South Africa, we evaluated the diagnostic accuracy of Xpert on stool samples compared with bacteriologic confirmation from respiratory samples, and also to a clinical reference standard. We determined which clinical and bacteriologic factors were associated with positive stool Xpert.
MATERIALS AND METHODS

Eligibility
Children <13 years of age who presented consecutively to 2 hospitals (Tygerberg Hospital and Karl Bremer Hospital, Cape Town, South Africa) with suspected intrathoracic TB, were screened for enrolment from April 2012 to August 2015. The enrolling facilities provide primary to tertiary level medical services to approximately 30% of the total Cape Town population of approximately 4 million. Children ≤13 years of age were eligible, if they presented with ≥1 of (1) cough ≥2 weeks, (2) unexplained fever ≥1 week or (3) poor growth or weight loss over the preceding 3 months. With consideration of the fact that TB may present acutely, especially in young children, we also included children with any duration of cough, if ≥1 of the following were present: (1) exposure to an identified TB source case in the past 12 months, (2) positive tuberculin skin test if previously negative or unknown or (3) a chest radiograph (CXR) suggestive of TB as assessed by the study clinician. Infants <3 months of age were also eligible if they had pneumonia unresponsive to appropriate antimicrobials, or unexplained and unresponsive sepsis syndrome. We excluded children who had received >1 dose of antituberculosis therapy (excluding isoniazid preventive therapy), had an established alternative diagnosis at screening, or who resided in areas too remote to ensure retention.
Clinical Investigations
Clinical investigations followed established local and international practice, 24 including a detailed history of symptoms and TB exposure, a clinical examination, tuberculin skin test (Mantoux, 2 Tuberculin Units PPD RT-23, Statens Serum Institute, Copenhagen), CXR (antero-posterior and lateral films) and a minimum of 2 respiratory samples for TB bacteriology (see section "Laboratory Methods"). Chest radiograph were read by 2 independent experts, using a standard reading tool. Consensus was determined on the certainty of TB diagnosis, the radiologic pattern and extent of disease. Discrepant readings were resolved by a third reader or by a forum if consensus was not reached. Disease severity was determined using a pragmatic modification of a published classification. 25 Radiologically severe TB was defined as any of (1) evidence of complications resulting from typical radiologic manifestations of TB (eg, cavities, expansile pneumonia, nodal airway obstruction), (2) bilateral parenchymal involvement, (3) overall parenchymal involvement more extensive than the total area of the right upper lobe or (4) disseminated (miliary) TB. For CXR not typical of TB, criteria 2 and 3 were used to define severe disease.
Any additional imaging results (eg, abdominal ultrasound, chest computed tomography) were incorporated into the final classification to describe the full spectrum of disease. Disseminated disease was defined as miliary TB or neurotuberculosis.
The final classification of the certainty of TB disease was determined retrospectively at the 2-month follow-up, when final culture results from enrolment were available and response to treatment was evaluated. Participants were classified using the revised clinical case definitions for diagnostic research of intrathoracic TB in children, 20 into the categories "confirmed TB," "unconfirmed TB" and "unlikely TB." The decision to treat for TB was made by the attending clinicians, based on clinical/epidemiologic assessment and the results of all investigations (not based on research case definitions). Xpert results from study samples, including stool, were available to clinicians and may have influenced treatment decisions. However, this study did not evaluate the impact of Xpert results on decision to treat. All children were followed for 6 months by the study team regardless of final TB diagnosis, to assess clinical course and treatment response. Children with drug-resistant TB were followed to treatment completion.
Sample Collection
The complete sample schedule according to the study protocol consisted of 1 sample each of GA (in children <5 years of age)/sputum (SPT) (older children who could expectorate), IS and nasopharyngeal aspirates (Supplemental Digital Content 1, http:// links.lww.com/INF/C683) collected daily for 2 consecutive days, and a stool sample (maximum total 7 samples). Stool was collected within 7 days of enrolment. Some children also had fine needle aspiration of peripheral lymph nodes and bronchoalveolar lavage, collected by the hospital staff, if clinically indicated. If any of the samples required by the study schedule were collected by hospital personnel, these were not collected again by the research team; their bacteriologic results were documented.
Laboratory Methods
Fluorescent smear microscopy, liquid culture and Xpert were completed on all respiratory samples collected by the research team. Because of cost constraints, samples collected by hospital personnel were generally only tested by smear and culture.
After collection, GA samples were titrated to neutral pH using 4% sodium bicarbonate solution. 24 All respiratory specimens were kept refrigerated and transported to the laboratory in a cool box within 4 hours of collection. Stool samples collected at home from children discharged from hospital and those that could not be processed immediately were stored at 2-8°C for maximum 72 hours before processing.
Respiratory specimens were handled by the National Health Laboratory Service at Tygerberg Hospital. In brief, after decontamination with N-acetyl-L-cysteine-1.25% sodium hydroxide, neutralization and concentration, the pellet was resuspended in 1.5 mL phosphate buffered saline (PBS). The sample was utilized for Auramine-O smear microscopy, 26 liquid culture using the mycobacteria growth indicator tube system (Becton Dickinson, Sparks, MD) 27 and Xpert. Positive cultures were confirmed for the presence of M.tb by Ziehl-Neelsen staining and microscopy, absence of any growth on blood agar plates and assessed for resistance against rifampicin and isoniazid using the GenoType MTBDRplus line probe assay (Hain Life Science, Nehren, Germany). Rifampicinresistant isolates underwent second-line drug-susceptibility testing for amikacin and ofloxacin using the agar proportion method. Stool specimens were processed by the study laboratory technician. In the absence of Xpert manufacturer specific instructions for stool, 2 methods were used (adapted from Refs. 28, 29) . For method 1, up to 5 g of stool was homogenized with 20 mL PBS by vortexing: 5 mL of the stool/PBS mixture was then processed as above with N-acetyl-L-cysteine-1.25% sodium hydroxide. After concentration, 0.5 mL of the resuspended pellet was used for mycobacteria growth indicator tube culture and 1.0 mL was mixed with 2.0 mL of Xpert sample reagent, and loaded into the GeneXpert instrument (Software Version 4.4a) following manufacturer instructions.
In June 2014, stool culture was discontinued because of high contamination and low sensitivity and stool method 2 was implemented: 1-4 g of specimen was homogenized with 10 mL PBS. After centrifugation at 3000×g, 4°C for 20 minutes, the supernatant was discarded and the pellet resuspended in 10 mL of PBS by vortexing for 20 seconds. Having settled large particulate matter by brief centrifugation (30 seconds; 2000×g), 1 mL supernatant was mixed with 2 mL Xpert sample reagent and tested by Xpert.
This study was approved by the Stellenbosch University Health Research Ethics Committee (reference N11/09/282), by the participating hospitals and provincial department of health. Written informed consent for study participation was obtained from parents or legal caregivers, and written assent was obtained from older children.
Statistical Analysis
The primary objective of this study was to evaluate the sensitivity, specificity and predictive values of stool Xpert for the diagnosis of intrathoracic TB in children, compared with (1) overall bacteriologic confirmation and (2) a clinical reference standard. The bacteriologic reference standard was defined as confirmation of M.tb by culture or Xpert of any samples collected by the research team or hospital personnel, including stool culture but excluding stool Xpert (index test and therefore not included in the reference standard). Not all children had all samples collected: children were included in analysis if they had a minimum of one stool and one respiratory sample collected (intention to diagnose analysis). All analyses of diagnostic accuracy were conducted per patient (not per sample). The reference was considered positive if any of the samples collected from any individual child were M.tb positive on Xpert or culture. The reference was considered negative if none of the samples collected from any individual child were positive for M.tb on Xpert or culture. Nonevaluable results (invalid/error Xpert results) were reported, and were considered negative for the diagnostic accuracy analysis if the child had at least one other valid result.
We also compared the diagnostic accuracy of stool Xpert to the first GA and IS Xpert, with the first GA or IS culture as a reference, respectively, to better assess the value of stool Xpert compared with a single respiratory sample.
The clinical reference standard was defined as the clinician decision to treat for TB, where a "TB case" was defined as a child in whom antituberculosis treatment was initiated, and a "symptomatic control" was a child investigated for TB based on the same entry criteria, but who did not initiate treatment.
In addition, we report on the proportion of children with positive stool Xpert by international consensus case definitions of "confirmed," "unconfirmed" and "unlikely" TB. 20 According to this classification, "confirmed TB" is defined as bacteriologic confirmation by culture or Xpert of M.tb on any valid respiratory sample, including stool. We therefore included all children with any positive Xpert or culture result on any sample in this category (including stool Xpert).
Clinical and demographic characteristics were summarized by clinical case definitions using means and standard deviations if normally distributed and with medians and interquartile ranges if non-normally distributed. 20 STARD guidelines were followed for reporting and analyses. 30 Univariable analysis was used to identify factors associated with Xpert-positive stool. Any factors associated at a P value <0.10 were used to build a multivariable logistic regression model. For multivariable regression and comparative analyses, odds ratios (OR) and 95% confidence intervals (CIs) were reported, with P values; a P value <0.05 was considered statistically significant. Analyses were generated using Stata 14.0 special edition software (StataCorp. 2015. Stata Statistical Software: Release 14. College Station, TX, StataCorp LP).
RESULTS
Stool was collected and tested by Xpert in 379 children (Fig. 1) . According to research case definitions, 20 73 children had confirmed TB, 185 unconfirmed TB and 121 unlikely TB. The median age was 15.9 [interquartile range (IQR) 9.2-29.3] months, the HIV prevalence was 13.7% and 27 (7.1%) children had a documented previous TB episode ( Table 1) .
Spectrum of Disease Among TB Cases
Antituberculosis treatment was initiated in 170/379 (44.9%) children within 2 weeks of enrolment. In 164/170 (96.5%) children with CXR available for dual reading, 84/164 (51.2%) had radiologic patterns typical of TB, whereas 63/164 (38.4%) had nontypical patterns. Nine (5.5%) CXR were normal and in 8 (4.9%) the quality of the CXR was inadequate for evaluation. The most common radiologic pattern reported as typical of TB was intrathoracic lymph node disease in 64/164 (39.0%). Other typical patterns observed alone or in combination, were 17 with cavitating disease, 9 miliary, 8 expansile pneumonia, 4 Ghon complex and 2 pleural effusions. The most common nontypical changes were suggestive of lower respiratory tract infection (bronchopneumonia, lobar pneumonia and interstitial pattern) in 47 (28.7%) children. Overall, 84/164 (51.2%) TB cases had severe disease by CXR findings.
Thirty-five (20.6%) children also had extrathoracic TB: 15 disseminated (5/15 also had neurotuberculosis, 2/15 also abdominal TB and 1/15 also cervical TB adenitis), 11 abdominal TB and 9 cervical TB adenitis.
A total of 24/170 (14.1%) children were treated for drugresistant TB: 16 were bacteriologically confirmed (6 multidrug resistant, 4 isoniazid monoresistant, 4 rifampicin monoresistant and 2 extensively drug resistant); 8 were empirically treated for multidrug-resistant TB based on symptoms, suggestive CXR and close contact with a confirmed multidrug-resistant TB source case.
Bacteriology Results and Diagnostic Utility of Stool
In total, 1849 respiratory samples were collected (median samples/child = 4; range: 1-10). Of 73/170 (42.9%) children with bacteriologically confirmed TB, 71 were detected on culture or Xpert of nonstool samples, one only on stool culture, and one only on stool Xpert. A total of 11/73 (15.1%) children had smear-positive TB; these were all also positive on Xpert and culture of respiratory samples. Nine of 11 (81.8%) were stool Xpert positive, 1 Compared with the first GA culture, the sensitivity and specificity of stool Xpert were 45.5% (28.1-63.6) and 97.4% (98.3-100), whereas GA Xpert sensitivity and specificity were 54.5% (36.4-71.9) and 98.7% (96.2-99.7), respectively (Table 3) . GA Xpert had an incremental detection of 3/33 (9.1%) over GA culture, whereas stool Xpert detected an additional 6/33 (18.2%).
Compared with the first IS culture, the sensitivity and specificity of stool Xpert were 50.0% (29.1-70.9) and 97.6% (94.8-99.1), whereas IS Xpert sensitivity and specificity were 66.7% (44.7-84.4) and 97.6% (94.8-99.1), respectively (Table 3) . IS Xpert had an incremental detection of 6/24 (25.0%) over IS culture, whereas stool Xpert detected an additional 8/24 (33.3%).
Spectrum of Disease in Stool-Xpert Positive Cases
Radiologically severe disease was observed in all 24 stoolXpert positive cases: 12 (52.2%) had complicated lymph node disease, 9 (39.1%) had cavitating disease (2 also with miliary disease and 2 with expansile pneumonia) and 1 more each had miliary TB and expansile pneumonia, respectively. One had bilateral alveolar opacification not typical of TB. Of the 51 bacteriologically confirmed cases with severe intrathoracic disease, 23 (45.1%) were stool Xpert positive.
Only 1 of 13 cases with abdominal TB accompanying intrathoracic TB had positive stool Xpert.
Factors Associated With Xpert-positive Stool
Univariable analysis of clinical features and their association with Xpert-positive stool is shown in Table 4 . Cavities on CXR and expansile pneumonia were associated with having positive stool Xpert. HIV status, malnutrition, antibiotics before sample collection and stool processing method were not significantly associated with stool Xpert status. In multivariable logistic regression, adjusting for age and expansile pneumonia, cavities remained significantly associated with positive stool Xpert (OR 7.05; 95% CI: 2.16-22.98; P = 0.001).
DISCUSSION
To our knowledge, this is the largest study to investigate the value of Xpert on stool samples for the diagnosis of TB in HIV-uninfected and HIV-infected children. We explored not only the diagnostic accuracy but also the clinical applicability of stool Xpert. Our study population is representative of children with suspected TB from many high-burden settings, who are frequently referred to hospital for TB investigation. A large proportion of children presenting in this manner already have advanced TB disease, often with comorbidity and coinfections, 2, 3, 31 further compounding diagnostic challenges. In high-burden TB settings, resource-intensive methods for the collection of respiratory samples from young children and the relatively low yield of diagnostic tests in this population often pose a barrier to attempting diagnostic confirmation both at the community-based clinic and at referral level.
Xpert testing of stool is likely to have the greatest impact in settings where TB in children is typically diagnosed on clinical grounds, and where diagnosis is therefore frequently delayed or missed. 32 This is more common in very young children and in those with HIV coinfection, who may present acutely, with nonspecific signs and symptoms, 32, 33 and with severe disease, and who are at high risk of dying with undiagnosed TB. 3, 5 The majority of children in our study belonged to these high-risk groups. Applied to this patient population which is at exquisitely high risk of rapid disease progression and poor clinical outcomes, stool Xpert may therefore potentially be a life-saving strategy, particularly where capacity for respiratory sample collection, culture and drug-susceptibility testing is limited. Furthermore, for children exposed to drug-resistant TB, rapid confirmation of TB and drug resistance is likely to improve access to timely and appropriate treatment. Our study indicates that targeting Xpert testing of stool in severely ill children referred to hospital with suspected severe intrathoracic TB has a high yield. If stool processing could be simplified and the diagnostic performance optimized, stool Xpert could be promoted for use in clinic settings where children have the first contact with the healthcare system.
Published data concur with our findings which suggest that stool Xpert is more useful in children with severe TB. Two pilot studies from South Africa 29, 34 and a multicenter study of Asian and African HIV-infected children with suspected intrathoracic TB 35 reported sensitivities of 41%-75%, with specificities >97.5% for stool Xpert versus culture of respiratory samples. The higher sensitivity reported compared with our results can be explained by the severe spectrum of TB in children with Xpertpositive stool included in these studies. In the study by Nicol, 100% (N = 8) of children with positive stool Xpert had alveolar consolidation; 86% had nodal airway compression. 34 In the study by Marcy et al, 35 48% of children (14/29) with bacteriologically confirmed TB were smear positive, higher than typically observed in pediatric paucibacillary TB. In our initial pilot study (N = 14), all children with Xpert-positive stool had severe intrathoracic TB. 29 In our current study, stool Xpert was positive only in children with radiologically severe TB, with a sensitivity of 82% for smear-positive TB and 45% for bacteriologically confirmed cases with severe disease. This is consistent with a laboratory study where the level of detection for Xpert on Macaque stools was determined to be approximately 1000 colony forming units/mL, 36 whereas in respiratory samples it is approximately 100 colony forming units/mL. 37 Given this higher detection threshold of Xpert on stool compared with respiratory samples, stool Xpert will only detect a proportion of children with bacteriologically confirmed TB. However, when direct comparison was made with the diagnostic potential of a single GA or IS sample, stool was not substantially inferior. Furthermore, stool Xpert had a substantial incremental yield over culture of the first respiratory sample, indicating that although stool Xpert will miss some cases, the total number detected is comparable to a single respiratory sample, which is more invasive than stool testing. Testing multiple stool samples could also improve sensitivity, though cost and feasibility would need to be considered. With more sensitive molecular tools soon to become available for evaluation, hopefully also in children, 38 the clinical utility of stool for TB diagnosis in children may be further improved.
An important factor to consider when applying new diagnostic tests to stool samples is the sample processing method. The different protocols used in published studies could partly explain the variable results observed. For molecular analysis, stool samples require careful processing to remove polymerase chain reaction inhibitors and particulate matter that can interfere with assay performance. 36, [39] [40] [41] Stool processing currently remains relatively labor intensive, but work is ongoing to develop centrifugation-free protocols applicable to primary/district level healthcare facilities. 36 As optimized methods for processing stool for TB testing have not yet been established, parallel comparisons of the most promising sample processing procedures for stool should be evaluated in future study. 
